Background: Little is known about the genes influencing dietary energy and nutrient intakes, despite evidence that these intakes are influenced by genetic factors. Objective: We aimed to identify, by using a genome-wide linkage analysis, chromosomal regions harboring genes that affect energy and macronutrient intakes. Design: Energy, carbohydrate, lipid, and protein intakes were assessed in 836 subjects from 217 families by using a 3-d dietary record. A total of 443 markers were genotyped and tested for linkage; age-and sex-adjusted energy and macronutrient intakes were expressed in grams and as percentages of total energy intake. Regression-based (Haseman-Elston) and variance-component (MERLIN) methods were applied to test for linkage with dietary data. A maximum of 454 sibpairs from 217 nuclear families were available for analysis. Results: The genome scan provided suggestive evidence (P ͨ 0.0023) for the presence of 6 quantitative trait linkages influencing total caloric and macronutrient intakes in the Québec Family Study. Of these, multiple linkages were found on chromosome 3q27.3, in a region harboring the adiponectin gene, at marker D3S1262 for energy [logarithm of odds (LOD): 2.24], carbohydrate (LOD: 2.00), and lipid (LOD: 1.65) intakes. The peak linkages for carbohydrate, lipid, and protein intakes were found on chromosomes 1p32.2 (LOD: 2.39), 1p35.2 (LOD: 2.41), and 10p15.3 (LOD: 2.72), respectively. The linkage results remained significant after adjustment for body mass index, which suggested that the genes underlying these quantitative trait linkages influence dietary intake independent of body size.
INTRODUCTION
Obesity, which represents a major risk factor for chronic diseases such as type 2 diabetes, hypertension, and cardiovascular disease, has reached epidemic proportions worldwide. This marked increase in the prevalence of obesity is generally attributable to an environment favoring a positive energy balance, which may lead to weight gain in persons with a genetic susceptibility. So far, the search for these susceptibility genes has mainly been based on phenotypes related to body mass and various body fatness measures (1) . Relatively few studies have been undertaken in humans to identify genes associated with energy intake or eating behaviors (or both), despite the fact that both are known to be associated with obesity (2) and to be influenced by genetic factors (3) (4) (5) .
A few candidate gene studies have shown evidence of an association between eating behavior and genes that code for neurotransmitters (6 -10) . Similarly, some genes that play a role in the control of food intake were shown to be associated with intake of energy or macronutrient (or both) (4, 11, 12) . Besides candidate gene studies, a few genome scans of energy and macronutrient intakes and of eating behaviors have been undertaken. Among them, a genome-wide linkage scan study for dietary energy and nutrient intakes was performed in black and white subjects who were part of the Health, Risk Factors, Exercise Training, and Genetics (HERITAGE) Family Study (HFS). Nutrient intake was reported to be linked to the 1p21 and 20q regions in whites and to the 12q14 region in blacks (13) . That study was the first to report quantitative trait linkages (QTLs) for dietary energy and macronutrient intake. Another genome-wide linkage scan study. in Hispanic children, showed a QTL on chromosome 18q for physical activity and dietary intake (14) . The melanocortin 4 receptor gene (MC4R) is a strong positional candidate gene for this QTL because of its known role in regulating food intake and energy expenditure (15, 16) . Finally, a genome scan in Mexican Americans reported a QTL for macronutrient intake on chromosome 2p22 (17) .
Two genome scans of eating behavior traits were performed in the Old Order Amish (18) and the Québec Family Study (QFS) (19) populations. First, linkage analyses in the Old Order Amish study showed QTLs for cognitive dietary restraint on 3p26.1 and 6p22.2, those for disinhibition on 7q21.3 and 16q22, and those for susceptibility to hunger on 3q13.31 and 15q24-q25. Furthermore, a genome-wide scan of the QFS population reported that chromosomes 15q24-q25 and 17q23-q24 were both linked to disinhibition and susceptibility to hunger, whereas 15q21 and 19p13 were linked to susceptibility to hunger and disinhibition, respectively. The purpose of the present study was to identify, through a genome-wide linkage scan, the QTLs that are associated with energy and macronutrient intakes measured by using a 3-d dietary record in subjects from the QFS.
SUBJECTS AND METHODS

The Québec Family Study
The QFS is composed of French-Canadian families, and it focuses on the genetics of obesity and its co-morbidities (20) . This cohort represents an admixture of random sampling and ascertainment through obese probands [body mass index (BMI; in kg/m 2 ) 32]. In the current study, dietary energy and nutrient intake information was available for 836 members of 217 nuclear families ranging in size from 2 to 8 members. The maximum number of sibling pairs available was 454. The characteristics of subjects in each of the sex and generation groups (fathers, mothers, sons, and daughters) are reported in Table 1 . Body weight and height were measured according to standardized procedures from the Airlie Conference (21), and BMI was calculated.
All subjects gave written informed consent. The Medical Ethics Committee of Laval University approved all procedures.
Dietary intake measurements
Total energy (kcal) and carbohydrate, fat, and protein intakes constitute the dietary phenotypes. Macronutrient intakes were analyzed in absolute values (in g) and as percentages of total energy intake. Dietary intake was assessed by using a 3-d dietary record, which was completed during 2 weekdays and 1 weekend day. Subjects were asked to record all foods and beverages ingested (except water) with the use of a balance and measuring cups and spoons. All subjects received instructions from a nutritionist on the procedures needed to complete the dietary record and to measure food portions (22) . After completion, the record was verified by a nutritionist who was well trained in analysis of a dietary journal. Macronutrient and micronutrient intakes were estimated with the use of a computerized version of the Canadian Nutrient File (23). Our group (22) previously showed that this 3-d dietary record provides reliable estimates of energy and macronutrient intakes.
Genomic DNA studies
A total of 443 markers spanning the 22 autosomal chromosomes with an average intermarker distance of 6.24 megabases (Mb) were genotyped as described previously (24) . These markers included 337 microsatellite markers (dinucleotide, trinucleotide, and tetranucleotide repeats) and 106 polymorphisms in 65 candidate genes. The results were stored in a local dBase IV database (GENEMARK; Laval University, Quebec, Canada). Mendelian inheritance incompatibilities within nuclear families and extended pedigrees were tested by using PedCheck software (version 1.1; University of Pittsburgh, Pittsburgh, PA).
Statistical analysis
Phenotypes were adjusted for the effects of age, including squared and cubic terms to allow for nonlinearity, and for the effects of sex. The adjustments were performed by using a stepwise multiple regression procedure retaining only significant terms (P 0.05). Separate regression models were used for each of the age-by-sex groups. Regression parameters were estimated after the exclusion of outliers (Ȁ3 SD), but residuals were computed subsequently for all subjects. The residuals of dietary phenotypes from the stepwise regression procedures were standardized to a mean of zero and a unit variance (0, 1) within each subgroup; they constituted the variables for linkage analysis. All of the statistical procedures described above were performed with the use of SAS statistical software (version 8.02; SAS Institute Inc, Cary, NC).
We performed QTL analyses by using 2 methods. First, we used the modified Haseman-Elston regression-based method (25) , which models the trait covariance between sibpairs. That method regresses the mean corrected sibpair product on the number of alleles shared identical by descent (IBD). Single-point and multipoint estimates of alleles with shared IBD were generated and linkage was tested by using the GENIBD program and the SIBPAL2 program, respectively, both in SAGE statistical software [version 5.1.1 (26)]. Empirical P values were computed by using a Monte Carlo permutation procedure with 10 000 permutations for genomic regions with suggestive evidence of linkage (P 0.0023). Second, we conducted multi-point linkage analyses for all traits by using the variance-components (VC) model implemented in MERLIN software (27) . VC methods model the phenotypic variance explained by estimated IBD sharing at a chromosomal position. MERLIN software calculates exact IBDsharing probabilities by using the Lander-Green algorithm with sparse gene-flow trees, and it can handle pedigrees for Ȃ20 persons for multipoint analysis (27) .
We used a logarithm of odds (LOD) score of ͧ3.0 to indicate significant (P ͨ 0.0001) evidence of linkage, whereas a LOD threshold of ͧ1.75 was considered to be suggestive (P ͨ 0.0023) (24) . Finally, the Human Genome National Center for Biotechnology Information genetic map (version 36.2) was used to identify potential candidate genes. Table 2 . All chromosomal regions with a VC LOD score of ͧ1.75 or a suggestive allele sharing (P ͨ 0.0023) are reported. Linkages were For energy intake, a significant linkage was observed on chromosome 3q27.3 with marker D3S1262. The same marker was also found to be suggestively linked with lipid (LOD ҃ 1.65) and carbohydrate (LOD ҃ 2.00) intakes, as shown in Figure 1 .
RESULTS
Results of the linkage analyses are presented in
The peak linkage for lipid intake was found on region 1p35.3-p35 with marker D1S1622 (LOD ҃ 2.37) and on the FABP3 gene (LOD ҃ 2.41), whereas the peak linkage for carbohydrate intake was found on 1p32.2 with suggestive linkage with marker D1S476 (LOD ҃ 2.39). Another marker located on chromosome 5q15 (D5S1462; LOD ҃ 2.19) provided evidence of linkage with lipid intake, whereas marker D3S1259, located on chromosome 3p25.2, was found to be linked with carbohydrate intake (LOD ҃ 2.34).
A significant linkage signal for protein intake was observed on region 10p15.3-p14 with markers D10S1435 (LOD ҃ 2.72) and D10S189 (LOD ҃ 2.13). Other linkages for protein intake were found on chromosomes 3p25.2 (D3S1259; LOD ҃ 2.36) and 4q32.3 (D4S2368; LOD ҃ 2.10). Evidence of linkage with protein was also observed on chromosome 18q21.1 with markers D18S851 (LOD ҃ 1.45) and D18S38 (LOD ҃ 1.86). The evidence of linkage was generally less strong when macronutrient intakes were expressed as a percentage of total energy intake than when they were expressed in grams. For the percentage of total energy as carbohydrate, the peak linkage was observed on chromosome 20q11.21 with marker D20S425 (LOD ҃ 1.86).
DISCUSSION
The present study is, to our knowledge, 1 of 3 human genomewide linkage analyses for energy and macronutrient intakes and the first based on dietary intake derived from 3-d dietary records. Results show that 6 QTLs contributed to variations in dietary intake in the QFS. Chromosomal regions 1p35.3-p35.2, 1p32.2, 3p25.2, 3q27.3, 5q15, and 10p15.3-p14 were those providing the strongest evidence of linkage with dietary intake phenotypes. The linkage results were generally consistent across the regression-based and VC methods. Moreover, the QTLs identified in the current study remain significant (for one or both linkage methods) after adjustment for BMI, which suggest that the genes underlying these QTLs influence energy and macronutrient intakes independent of body size.
The best evidence of linkage was on region 3q27.3, where marker D3S1262 was linked with energy, lipid, and carbohydrate intakes. The adiponectin gene (ADIPOQ), a key hormone in energy balance regulation that has been linked to obesity and adiposity traits in many studies (28, 29) , is located 0.3 Mb from D3S1262. A study in mice (30) showed that peripheral injection of adiponectin increased AMP-activated protein kinase (AMPK) activity in the arcuate nucleus, which resulted in a stimulation of food intake, a reduction in energy expenditure, and a weight gain. Moreover, hypothalamic AMPK activation was limited in adiponectin-deficient mice and was related to a reduction in food intake, an increase in energy expenditure, and a lean phenotype. The study in mice (30) also reported that the adiponectin concentration in cerebrospinal fluid increases after fasting and decreases after refeeding. Together, these data suggest that adiponectin may act as a starvation signal (30) and may constitute a good candidate gene linking feeding behaviors and adiposity.
Results also showed a linkage of carbohydrate intake with marker D1S476 on 1p32.2, whereas marker D3S1259 on chromosome 3p25.2 was linked with carbohydrate and protein intakes. This region of chromosome 3 includes the peroxisome proliferator-activated receptor-␥ gene (PPAR␥), a key regulator of adiposity and energy balance (31) . The QTLs observed on chromosome 3 (3p25.2 and 3q27.3; see Figure 1 ) were found to influence energy and macronutrient intakes. Because energy and macronutrient intakes are highly correlated (correlations ranging from 0.75 to 0.86; data not shown), this overlap in peak linkages suggests that these phenotypes probably are influenced by common genes.
Markers on chromosomal regions 10p15.3-p14 (D10S189 and D10S1435) and 18q21-q22 (D18S8851 and D18S38) have been linked to protein intake. The MC4R gene, a strong regulator of food intake and energy expenditure (15, 16, 32, 33) that has been associated with obesity in population studies (34) and in a recent genome-wide association study (35) , is located on chromosome 18q22, and it represents a good candidate gene for the linkage on chromosome 18q21-q22. An overview of the QTLs for dietary intake identified in the QFS, the HFS, and the San Antonio Family Heart Study with potential candidate genes is presented in Table 3 . The present study did not replicate the findings of the San Antonio study (17) or HFS (13) . Genome scan replication is difficult because of the complex nature of the phenotype. Genes and cultural and environmental exposures constitute important factors in the acquisition and expression of food preferences (3, 36) . Sample size and the use of different data-collection methods also may explain differences among studies. Collection of the dietary intake data used for this report was monitored by professional nutritionists who used standardized procedures. However, self-reported values assessed by 3-d dietary journals tended to underestimate food intake (37, 38) . A search of the human-mouse homology database (Internet: http://www.ncbi.nlm.nih.gov/Omim/Homology/) showed that 3 QTLs, identified from a genome-wide scan study on dietary intake in mice (Mnic2 for carbohydrate intake, Kcal1 for kilocalorie intake, and Mnif2 for fat intake) (39) , are located in mouse genome regions corresponding to human chromosomes 3 and 5, where we found QTLs for energy and macronutrient intakes.
Even if genome-wide association studies were proven to be more successful than genome-wide linkage studies in identifying genes for complex traits, we believe that a genome-wide linkage analysis of energy and macronutrient intakes remains highly relevant in the field of obesity-related traits because of the small number of linkage studies performed to date for traits related to macronutrient intake or eating behaviors. In addition, with the performance of a genome-wide linkage analysis, comparison with several other linkage studies that have reported QTLs for energy intake or obesity-related phenotypes (or both) is possible. Moreover, as mentioned above, we previously identified QTLs for eating behaviors in the QFS (19) . Because eating behaviors are usually correlated to irregularities in diet, we wanted to determine whether any of these QTLs overlap with those for energy and macronutrient intakes found in the present study. However, no overlaps in peaks were observed between the studies.
Many of the QTLs identified in the present study were previously linked to adiposity-related phenotypes. First, marker D3S1262 (3q27.3) has been linked to the percentage body fat in non-Hispanic white men and African American men from the Hypertension Genetic Epidemiology Network Study (40) and to the percentage body fat in the population of American Samoa (41) . Chromosome 3q27.3 has also been linked to BMI in the African American population (42) . Marker D3S1259, which is linked to energy, lipid, and carbohydrate intakes in the present study, has also been linked to BMI (43) . Moreover, the chromosomal region 3p25.2 harboring marker D3S1259 has been found to contribute to the eating behavior trait of cognitive dietary restraint in an Old Order Amish cohort (18) . The marker D1S476 on chromosome 1p32.2, which was found to be linked with carbohydrate intake, was previously found also to be linked to insulin concentration and to adiposity-related traits in the QFS (44) . The linkage with both carbohydrate intake and insulin concentration is noteworthy, considering that low-carbohydrate diets have consistently shown benefits in improving insulin sensitivity (45) (46) (47) . Finally, markers D10S1435 and D10S189 on chromosomal regions 10p15.3-p14 have been found to influence BMI and fat mass in whites from the HFS (48) and BMI in Pima Indians (49) .
In summary, the present study showed linkages at several chromosomal regions for energy and dietary intakes in the QFS cohort. Six QTLs influencing energy and macronutrient intakes were identified: 1p35.3-p35.2 (lipid and protein intakes), 1p32.2 (carbohydrate intake), 3p25.2 (energy, protein, and carbohydrate intakes), 3q27.3 (energy, lipid, and carbohydrate intakes), 5q15 (lipid intake), and 10p15.3-p14 (protein intake). Although fine mapping and candidate gene studies are needed to identify the genes underlying these QTLs, these results suggest that food intake in humans is influenced by several genes. Further genetic and functional studies will be needed to improve our understanding of the mechanisms underlying caloric intake and macronutrient preferences.
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